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ABSTRACT

Observations of the icy Galilean satellites from both spacecraft and

groundbased telescopes have been fit to radiativ< transfer models describing the

surfaces in terms of their roughness, compaction state, and single particle phase

function and albedo. The microscopically rough nature of Ganymede and Callisto

is similar to the Moon’s, while Europa is significantly smoother. The sharply

peaked opposition surge on Europa may be due to an extremely uncompacted upper

regolith. However, if’ the peak is attributed to c.ohercnt  backscatter, its

surface may be the most compacted of the Galilcan sa~ellit.es. The compaction

state of Callisto is similar to that of the Moon, while Ganymede’s surface is

more compacted. Callisto and possibly Europa txhibit textural differences in

their leading and trailing hemispheres. This dichotomy is due to enhanced

erosion by meteorites on the leading side.
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1, INTRODUCTION

Photometry is the quantitative measurement of reflected or emitted light.

During the past 15 years, photometry of planetary surfaces has expanded as a

field of study because of advances in radiative transfer theory and because of

the acquisition of radiometrically calibrated observations from spacecraft. The

classical study on radiative transfer by Chandrasekhar (1960) has been extended

to planetary surfaces of arbitrary albedo (Hapke, 1981, 1984, 1986; Lumme and

Bowell , 1981; Goguen, 1981), and to the radiative properties of optically thin

atmospheres overlying planetary surfaces (Arvi.dson et al. , 1989; Hillier et al. ,

1990) . By fitting these radiative transfer models to both spacecraft

measurements and groundbased observations, investigators have been able to

understand the surface properties of a wide variety of celestial bodies,

including the Galilean satellites (Burst-ti, 1985, 1991; Helfenstein, 1986;

Domingue et al., 1991).

In classical astronomy, photometry was used to compare

brightness of spatially unresolved objects and to seek temporal

these quantities on individual objects. With the advent

the color and

variations in

of spacecraft

observations , the uses of photometry were extended twofold. First, photometric

modeling allowed the construc~ion  of qua]~titative  maps c]f normal reflectance.

In any given spacecraft image, most of the variation in intensity is due to the

changing incident, and emergent angles of t}le radi:ition:  by modeling the reflected

radiation as a function of these changing viewing angles, the intrinsic changes

in reflectance can be derived and mapped. A wide range of geophysical problems

has been studied with such maps and the inforrnaiion they cc>ntain. For the icy

Galilean satellites, such maps have been used to derive a quantitative

distribution of frost deposits (Johnson et al., 1981); to understand the origin

of dark-ray and dark-floor craters on Ganymede (Schenk and McKinnon,  1991) ; to

accomplish photoclinometric  studies (Squyres, 1981) ; to understand geologic

processes (Buratti and Golombek, 1988); and to understand magnetospheric

interactions with the surfaces (McEwen, 1986; Nelson et al. , 1986; Sack et al. ,

1992) .

The second new area of research enabled by spacecraf~ photometry is the

derivation of disk-resolved physical par:imeters from the improved theoretical

models . These models express the radiation reflected from the surface in terms

of the following physical parameters: the single scattering albedo, the single

particle phase function, the compaction properties of the optically active

portion of the regolith, and the scale and extent of microscopically rough

surface features. For the icy Galilean satellites, the results from these

efforts have enhanced our understanding of magtletospheric ancl micrometeoritic
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alteration processes (Buratti et al. , 1988; Buratti, 1991; Calvin and Clark,

1993; Domingue et al. 1991) and geologic histories (Helfenstein,  1986; Buratti

and Golombek, 1988; Domingue and Hapke, 1992).

II. PHOTOMETRIC MODELS

For a cloud of particles with the single scattering albedo (w) low enough

that multiple scattering can be neglected, the scattered intensity can be written

(Chandrasekhar, 1960):

I(P, Po, a)=F”l’(a);-*o (1)

where P and ~ are the cosines of the incidence (i) and emission (c) angles (see

Figure 01), a is the solar phase angle, TF is th{> plane parallel incident solar

flux (at i=OO), and P(a) j.s the phase function of a single particle. The single

scattering albedo is defined by

J+7.+JJ’(COSWQ (2)

where O = a - 180° and ch is an element of solicl angle. The phase function is

a mathematical description of how the intensity of reflected light depends on the

scattering direction. It is an indicator of the physical character of individual

particles in the upper regolith, including their size and size distribution,

shape, and optical constants. Small or transparent particles tend to be more

isotropically  scattering because photons survive to be multiply scattered;

forward scattering occurs when photons exit particles in the direction away from

the light source. One simple represelltati.on  of the single particle phase

function is the Henyey-Greenstein equation, originally used to describe dust

particles in the interstellar medium (Henyey and Greensteill, 1941):

I-gz (3)P(cose, g)=-——--—.-— ~)3/2
(1.+CJ2-2gcos

where g = <COSO> and ranges from -1, which is pure backscattering to g = +1,

which is pure forward scattering (g = O is isotropic scattering). Double-lobed

Henyey-Greenstein functions (Domingue et. al. , 1991) have been utilized for

Europa, while a second-order Legendre polynomial has been used to describe the

single particle phase function of Ganymede (Helfenstein, 1986) .

It has been found repeatedly that eqt.

photometric observations of dark surfaces,

Mercury (Hapke, 1977), Mars and its moons
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including the Moon (Hapke, 1966),

(Ncjland, 1975), and Ganymede and



at small solar phase angles

state of the regolith and

observations are essential

the surface.

(. 120) are important for determining the compaction

observing coherent backscatter, whereas spacecraft

for determining the lnacroscopically rough nature of

For surfaces with normal reflectance greater than -0.6, multiple scattering

can no longer be neglected in modeling the photometric properties of the surface

(Buratti, 1984). The first celestial planetary surface fclr which eqt. (1) was

shown to be inadequate was Europa (Buratti and Veverka, 1983). Although high

albedo surfaces in the lab and fresh terrestrial snow scatter radiation

approximately according t:o Lambert’s law (I - FuO), the surface of Europa (and

other planetary surfaces that are even brighter, such as Enceladus)  cannot be

described by this function. To adequately describe the contribution of multiply

scattered photons, one might consider a semi-infinite layer of individual

isotropically scattering particles. For this cnse, the reflected intensity is

given by Chandrasekhar (1960):

(5)

where the H-functions are given in Table II of Chandrasekhar. For non-isotropic

particles, an approximate extension of eclt. 5 is given by (Hapke, 1981, 1984,

1986; Goguen, 1981):

‘0 {s(&) P(a) +H(p)H(po)-l)R  (p, vo,a)I(p,po,a)=F’-~–– (6)
4 P+PO

where S(a) is a function describing the opposition effect, and R(~,~O,a) is a

function describing the effects of macroscopic roughness. This equation is

derived under the assumption that radiation which is multiply scattered is

isotropic. The effects of roughness, however, apply to both sj.ngly and multiply

scattered photons (although current roughness models neglect the partial

illumination of primary shadows by multiply scattered photc)ns)  .

A useful photometric function representing a combination of eqt. 1 (the so-

called “Lonmel-Seeliger” or lunar scattering law) and Lambert’s law is given by

p f(a) +(l-A)pO)R(p,  pO,a ) (7)I(w,vO,a)=F’(A=

where A is a term describing the fraction of light that is multiply scattered

(A=l corresponds to pure single scattering). In this interpretation, the singly

scattered radiation is described by the first term, and the multiply scattered

radiation is described by the second term. Although this equation cannot be
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derived rigorously, Goguen (1981) has shown that it is a valid approximation to

eqt. (6), except for extreme values of ~ and AO. It has proven useful in

describing the photometric properties of Europa (Buratti and Veverka, 1983) and

the bright satellites of Saturn (Buratti and Veverka, 1984).

It is important to note that no planetary surface, even that of Enceladus

with a geometric albedo of - 1, approximates a Lambert. scatterer. It is

incorrect to model a planetary surface by Lani]ert’s law for any application

whatsoever.

‘I’he acquisition of spacecraft images has enabled extensive photometric

modeling of disk-resolved planetary surfaces. Disk-integrated measurements

(primarily Earth-based) continue to be useful because they offer constraints of

fits to photometric models, and because they provide glcjbal descriptions of

photometric properties. Furthermore , spacecraft images give only a snapshot in

time, have limited spectral coverage, and are often restricted to specific

viewing geometries (Voyager observations, for example, are lacking in

observations at small solar phase angles). The primary disk integrated

parameters are the disk-integrated brightness with respect to solar phase angle

(from which the commonly quoted phase coefficient is derived), the disk

integrated brightness with respect to orbital phase angle (from which

longitudinal inhomogeneities in albedo and color canbe observed), the geometric

albedo , the phase integral, and the Bond albedo. The geometric albedo (p) is the

ratio of the flux received from a reflecting body at a solar phase angle of O to

the flux expected by a perfectly diffusing disk of the same cross-sectional area

in the same geometry. The phase integral, defir,ed by

[
q=z “ O(cx)sinctdct (8)

o

where t(a) is the disk-integrated brightness, describes the directional

scattering properties of the object. ‘l’he Bond albedo is clefined by A~ = pq.

A summary of the disk-int:egrat.ed properties of the icy Galilean satellites is

listed in Table 1.

111, SUMMARY OF SURFACE PROPERTIES DERIVED FROM PHOTOMETRIC MODELS

In summary, the parameters to be fit to photometric observations of the icy

Galilean  satellites are: w, the single scattering albedo; g, the asymmetry factor

expressing the average directional scattering properties of the particles; 0, the

average slope angle of the surface; and the fraction of the optically active

portion of the regolith  occupied by particles. Ttle last parameter depends on the

particle size distribution, which is unknown for the icy Galilean satellites,
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although reasonable assumptions can be made. Tal,le II provides a summary of the

surface properties derived from photometric models for the leading and trailing

hemispheres of Europa, Ganynrede and Callisto.

A. Europa. Europa was the first Galile:in  satellite to be fit to a

photometric model describing the surface in terms of physical parameters

(Buratti, 1985). This early work showed that t}le surface properties of Europa

were markedly different from those exhibited by other regoliths,  both icy and

rocky. Europa was shown to have a much more compacted surf-ace, a smaller slope

angle (-230), and a more isotropic phase function than the Moon or the bright icy

satellites of Saturn. Analysis of observations from the International

Ultraviolet Explorer (IUE) satellite confirmed that Europa’s surface is more

compacted than the other (;alilean  satellites (Buratti et al. , 1988). The leading

side of Europa was shown to lack an opposition surge and to be much more compact

(-25% void space) than the trailing side (-79% void space), for which an

opposition surge was observed. Later analysis of Europa’s surface based on

ground-based visible observations obtained by Lockwood and Thompson (1992) ,

including some at very small solar phase arlgles, showed that both the leading and

trailing sides of Europa had very fluffy surfac(s  (-96% void space) similar to

terrestrial powdery snow (Domingue et al. , 1991 ; see Table 11 and Figure 2).

‘l’his interpretation assumed that the particle size distribution for Europa was

similar to that of the Moon, and that the large opposition spike observed at a

< 1° was due to the disappearance of mutual shadows cast among surficial

particles. Another interpretation is that the surge is due to coherent

backscatter  of multiply scattered photofis  from l~uropa’s surface (Hapke, 1990),

in which case the surface of Europa could still be compacted (the exact

relationship between surficial compaction and tile width of an opposition surge

due to coherent backscatter is not yet well-understood). A study of Europa’s

individual terrains showed that the only si~,nificant difference in their

scattering properties was contained in the single scatteri~lg  albedo (Domingue and

Hapke, 1992). This difference was attributed to the addition of internal

scatterers and associated darkening with irlCrf2aS(2d  exposuri:  to magnetospheric ion

bombardment . The other significant spatial difference for Europa’s surface is

an increased backscattered component in the sinp,le particle phase function for

the leading hemisphere (Domingue et al. , 1991).

B. Ganymcde. In the first analysis of Voyager in[ages of Ganymede and

Callisto,  Squyres and Veverka (1981) showed that the surfaces of these two bodies

scattered light according to eqt. (l). In the first analysis of these images in

terms of the physical parameters entailed in eqt. (6), Helfenstein (1986) claimed

that there existed significant differences in the average properties of

Ganymede’s two major terrains, the grocjved t~rrain and the dark, cratered
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terrain. Specifically, the cratered terrain was distinguished by: 1) a lower

single scattering albedo; 2) a larger average tilt angle; 3) a more isotropic

single particle phase function; and 4) a more compacted surface. The higher

state of compaction for the cratered (presumably older) terrain suggested the

development of dark lag deposits resulting from regolith devo].atization and ice

welding of silicates. The less compacted nature of the brighter terrains

suggested the growth of ice crystals at the surface. lUE observations suggested

that the fraction of void space in Ganymede’s regolith  was ‘-83%, less than that

of the other icy Galilean  satellites (if one assunles that Europa’s sharply peaked

opposition surge is due to the effects of sh:~dowing; see Section IV). An

analysis of a combined data set of Vc]yager and grouncl-based  measurements

(Buratti, 1991) showed that there existedno differences between the leading and

trailing hemispheres in surficial  compaction, roughness, or the single particle

phase function. In an application of photometric theory elltailing a two-layer

model, Hillier et al. (1994) produced a best-fit result shc)wi.ng  that the polar

caps of Ganymede consist of. relatively clean, thin (7-0.2, with a physical

thickness of 1 mm or less), transparent frost with a single scattering albedo of

‘0.99 and a Henyey-Greenstein g=-O.33. The high single scattering albedo and

thinness of the polar frost suggests that. they are the result of an ongoing

deposition of sputtering products. This work :ilso offered evidence that the

roughness of the cratered terrain and the younger grooved terrain was not

significantly different.

C. Callisto.  Even before the Voyager encoun~er, telescc)pic observations of

Callisto showed the leading side had a measurably larger opposition surge than

the trailing side (Blanco and Catalano, 1974; Minis ancl Thompson, 1975). In

an analysis combining both ground-based and Voya,ger observations, Buratti (1991)

showed that not only was the upper regolith of the trailing side of Callisto more

compacted, it scat~ered radiation more isotropically and was less rough (see

Table 11 and Figure 3). This hemispheric dichotomy was explained in terms of

enhanced micrometeoritic erosion on the Ieadillg sicle. An analysis of the

spectrum of Callisto between 2.0 and 2.5 ~m suggested that the surface of the

trailing hemisphere contained larger ice grain sizes (Calvin and Clark, 1993),

which would be expected if micrometeoritic commi]lution processes were minimized

on this hemisphere.

IV. SUMMARY AND DISCUSSION

Photometric models describing the physical properties of the optically

active portion of planetary surfaces have been fit to the wealth of spacecraft

observations obtained during the last 15 years. For the icy Galilean satellites

these results have led to the derivation of Surficial physical properties,

9



including the compaction state of the upper regolith, the roughness of the

surface , and the single particle albedo and phase function. One general result

is that some icy satellites, including Ganymede  and Callistcj,  have regoliths  with

texture and roughness similar to that of the Moon, even though their surfaces

consist mainly of water ice rather than rocky material. This similarity means

that the erosional processes that determine the structural properties of

regoliths (primarily meteoritic and magnetospheric bombardment) have comparable

effects on icy and rocky bodies.

‘I’he compaction states of the regoliths of the icy Galilean  satellites show

significant differences. In general, Callisto is the most. tenuous, with void

spaces of ‘90%. This result is consistent with an increased exposure time to

meteoritic bombardment on Callisto’s primordial surface. Callisto’s  leading side

is more compacted than the trailing side; zigain tlkis difference can be attributed

to enhanced micrometeoritic erosion. Europa’s p}lase curve between 1° and 40° is

very flat (Buratti and Veverka, 1983; Domingue et al. , 1991) , which suggests its

regolith is extremely compacted. However, recent telescopic observations by

Lockwood and Thompson (1992) reveal a sharply peaked c]pposition surge below 1°:

if this effect is due to shadow hiding it would ixllply a very fluffy surface, with

void space of - 96%. Given the overall flatness of Europa’s phase curve, it is

more likely that the surge is caused by an optical phenomenon such as coherent

backscatter  (Hapke, 1990).

In general, the single particle phase functions of the Galilean satellites

are more backscattering than terrestrial ice and snow. Verbiscer et al, (1990)

suggest that the ice itself - and not the opaque material - i.s backscattering,

and that the way the ice is organized in conglomerations may be the key property.

Both Callisto  and Europa show measurable differences in this parameter for their

leading and trailing hemispheres , The leading hemispheres are more

backscattering  for both bodies; in both cases tl]e difference can be attributed

to enhanced meteoritic erosion on the leading side.

Of the Galilean satellites, Europa has the smoothest surface, with mean

slope angles of only ‘1O degrees (Buratti,  1985; DominSue et al.. , 1991, Domingue

and Hapke, 1992). Because photometric modeling “sees” surface facets smaller

than the spatial resolution of the detectc)r, this result means Europa is smooth

down to the smallest features, which are represented by clumps of particles. The

highest resolution Voyager images show minimal topography at scales of a few

kilometers; the highest features (the scalloped ridges) are only a few hundred

meters (Lucchitta  and Soderblom, 1982) . All these lines of evidence point to a

recent resurfacing event on Europa. The mean slope angle for Ganymede and

Callisto is about ’30 degrees, similar to that c)f the Moon (Helfenstein,  1986;
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Buratti, 1991). Significant spatial differences exist: Helfenstein (1986) found

that Ganymede’s dark cratered terrain was rougher than the grooved terrain, and

Buratti (1991) showed that the leading side of Callj.sto was rougher than the

trailing side, again perhaps as the result of enhanced meteoritic erosion,

Two major concerns involving photc~metric modeling exist: the uniqueness of

the solutions, and their similarity to the actual physical conditions of the

surface. The degree of uniqueness is prinlarily a matter of obtaining

observations over a full range of viewing geometries, Helfenstein et al. (1988)

identified specific ranges of geometries over which the first derivative of the

various parameters changes rapidly: it is observations in these ranges that are

crucial to attaining uniqueness. Buratt,i (1985; 1991) and Domingue et al.,

(1991) showed that disk- integrated observations , when combined with disk resolved

measurements , can eliminate certain sets of solutions.

Because of the many simplifying assumptions that l~ave Rone into the models,

the results may not be physically real. These assumptions include spherical

particles, simple particle phase functions, and ideally shaped rough features.

In a more exact radiative transfer calculation of the sjngle particle phase

function, Mishchenko  (1994) has shown that the phase functions of planetary

surfaces may in fact be forward scattering. On tile other halld, Goguen (1993) has

shown that if one relaxes the assumption of isotropy for multiply scattered

photons, the backward scattered intensity i]lcreases . lJndoubtedly, more

physically realistic descriptions of planetary surfaces will emerge as efforts

at theoretical modeling progress. At this time, it is most useful if one thinks

of the parameters listed in Table II as model parameters revealing similarities

and differences in the structure of planetary surfaces.
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TABLE I - HEMISPHER IC DISK-INTEGRATED PHOTOMETRIC PROPERTIES OF THE ICY GALILEAN
SATELLITES (0.47 ym)

—.

Geometric Phase Bond
Satellite albedo integral albedo Source

————.

Europa (L) 0.92 (1)
Europa (T) 0.71

Europa (integral) 1.09 : 0.11 0.62 t 0.14 (;)

Ganymede (L) 0.46 t 0.05 (3)

Ganymede (T) 0.43 * 0.05 11

Ganymede (integral) 0.78 t 0.06 0.35 i 0.03 11

Callis~o (L) 0.23 t 0.02 (3)
Callisto (T) 0.20 i 0.02 11

Callisto (integral) 0.51 t 0.06 0.11 i 0.02 11
—.

L-=Leading hemisphere; T--trailing hemisphere
(1) Domingue et al., 1991
(2) Buratti and Veverka, 1983
(3) Buratti, 1991
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TABLE II - SUMMARY OF PHOTOMETRIC SURFACE PROPERTIES OF THE Icy GALILEAN
SATELLITES (0.47 pm)

—— —— . . ..—

Single scattering Slope angle

Satellite albedo (w) e (degrees) P> % void space Source
——...—

Europa (L) 0.92 10 -0.43; 0.079q 96 (1)
Europa (T) 0.90 10 -0.43; 0.287q 96 11

Ganymede (L) 0.82 t 0.03 -0,20 i 0,04 80 (2)

Ganymede (T) 0.78 t 0.03 29*2 -0.21 * 0.04 80 II

Callisto (L) 0,43 i 0.03 36*3 -0.23 i 0.02 92 (2)

Callisto (T) 0,45 i 0.03 2 9 * 3 -0.17 i 0.02 88 11

~Two-component  Henyey-Greenstein phase function
(1) Domingue et al,, 199].
(2) Buratti, 1991
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FIGURE CAPTIONS

1. Photometric geometry on a sphere, showing the following angles: the radiance

incident (i) and emission (c) angles, the solar phase angle (a), and the

photometric latitude ($) and longitude (u).

2. Voyager and telescopic observations of the trailing hemisphere of Europa, with

the model fits from Table II (based on Figure 7B from Domingue et al., 1991).

3, Voyager and telescopic observations of the leading and trailing hemispheres

of Callisto, with the moclel fits from Table II (Buratti, 1991).
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